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Abstract.

The Structure des Echanges Mer-Atmosphere, Proprietes des Heterogeneites

Oceaniques: Recherche Experimentale (SEMAPHORE) mesoscale experiment took place
from July to November 1993 in the northern Canary Basin, where the circulation is
dominated by the eastward flowing Azores Current (AC). A large data set was acquired
from three hydrographic arrays (phases 1, 2, 3), current meter moorings, surface drifters
drogued at 150 m, and 2000 m deep RAFOS floats. The analysis confirmed the large-scale
observations previously made in this region but also provided new insights into fine-scale
dynamics of the AC. The front was observed over the 6-month period. It was narrow

(100 km) and mostly surface intensified (velocities reaching 40-50 cm s~'). Whereas at
the beginning of the experiment (phase 1) the AC was mainly zonal with weak oscillations,
large meridional meanders were observed from phase 2 until the end of the experiment.
They seem to be related to the arrival of two Mediterranean eddies (Meddies), which
interacted with the AC [Kise and Zenk, 1996; Tychensky and Carton, this issue]. The front
had a deep dynamical signature (down to 2000 m), with a 16-18 sverdrup (Sv) volume
transport (0—2000 m depth integrated). The southward recirculation branch of the AC
near 22°-23°W [Klein and Siedler, 1989] corresponds to meridional transport of 5-6 Sv.
Then, 4.5 Sv of these waters are recirculating westward (along 31°-32°N). Some interesting
new oceanographic results were obtained by examining the RAFOS float trajectories over
the abyssal plain. The circulation is similar to that observed at the surface, with mean
velocities of about 1-3 cm s™! and eddy kinetic energy <4 cm? s~2, In agreement with the
analysis of current meter data this reveals a significant barotropic component in the

Azores-Madeira flow field of roughly 3-3.5 cm s™.

1. Introduction

The Structure des Echanges Mer-Atmosphere, Proprietes
des Heterogeneites Oceaniques: Recherche Experimentale
(SEMAPHORE) oceanographic experiment was conducted in
the northern Canary Basin, in a 500 X 500 km? area between
the Azores and Madeira Islands from June to November 1993
(Figure 1). It was designed to investigate the air-sea interac-
tions and the three-dimensional mesoscale oceanic circulation
in this area [Eymard et al., 1996]. Another objective was to
validate and compare TOPEX/POSEIDON (T/P) and ERS-1
altimeter observations with in situ measurements [Hernandez et
al., 1995] and to evaluate altimeter and drifter data assimila-
tion techniques [Dombrowsky and De Mey, 1992; Morrow and
De Mey, 1995]. The SEMAPHORE area flow field is domi-
nated by the Azores Front-Current system (AFC), which is an
eastern branch of the subtropical North Atlantic gyre [Klein
and Siedler, 1989]. From the 30 sverdrup (1 Sv = 10° m*s™%)
of the Gulf Stream’s southern branch, splitting near the Grand
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Banks, about 10-12 Sv flow southeastward in the upper 800 m,
crossing the Mid-Atlantic Ridge (MAR) between 32° and 37°N
through the Oceanographers and Hayes fractures zones, to
form the Azores Current (AC) [Kise and Siedler, 1982; Siedler
et al., 1985; Kise et al., 1985; Gould, 1985; Sy, 1988; Klein and
Siedler, 1989]. East of the MAR, this strong, narrow current
flows at about 34°N within the North Atlantic Central Water,
with velocities of up to 40 cm s~ '. It is associated with the
Azores thermohaline Front (AF) characterized by a thermal
gradient of about 2°C over 100 km. Then, as part of the gyre,
the AC splits into three southward branches, which vary sea-
sonally and interannually and recirculate into the North Equa-
torial Current [Stramma and Siedler, 1988; Klein and Siedler,
1989; Kiise and Krauss, 1996]. From west to east one branch is
located just east of the MAR, another lies in the central basin
near 23°W, and the third feeds waters of the Canary Current
close to the west coast of Africa. The AC is subject to large
meandering, with loops of several hundred kilometers, and
mesoscale eddies with typical scales of 100-150 km detaching
on both sides of the front [Kise and Siedler, 1982; Kise et al.,
1985; Siedler et al., 1985; Siedler and Onken, 1996]. This con-
tributes to fairly large mesoscale variability, which is well evi-
denced in satellite altimetry [Le Traon and De Mey, 1994,
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Hernandez et al., 1995)]. This mesoscale activity is not fully
explained and is poorly reproduced by eddy resolving models,
even at high resolution [Spall, 1990; Boning and Budich, 1992;
Beckmann et al., 1994; Kise and Krauss, 1996]. Three essential
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Plate 1. Horizontal (Plates 1a, 1c, and le) temperature and (Plates 1b, 1d, and 1f) salinity at 150 m depth
for phases 1, 2, and 3 computed by objective analysis (OA). Dotted lines indicate areas where estimation errors
are >20% of signal variance. Contour interval is 0.2°C and 0.05 practical salinity units (psu) in temperature
and salinity, respectively. The thermohaline front associated with the Azores Current is clearly visible during
the three consecutive phases. The most noticeable eddy features are (1) a warm, salty eddy first located during
phase 1 north of the front on the northern boundary by 35.9°N, 24°W (Plates 1a and 1b); (2) another warm,
salty eddy, generated by an anticyclonic meander of the Azores Front, visible during both phases 2 (34°N,
20.5°W) and 3 (33.2°N, 22°W) (Plates 1c-1f); and (3) a cold and fresh eddy south of Meddy 2 during both
phases 2 (32°N, 21°W) and 3 (32°N, 22.1°W) (Plates 1c-1f).

mechanisms have however been put forward: baroclinic insta-
bility of the AC [Kise et al., 1985; Kielman and Kase, 1987; Kiise
and Krauss, 1996}, interactions with Rossby waves generated at
the eastern boundary [Le Traon and De Mey, 1994], and, at
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Figure 1. The SEMAPHORE experimental area (square box), located in the Azores-Canary Basin. The
four current meter moorings are represented by gray circles, and the three acoustic sources are represented
by black stars. For details of the moored array, see Table 1. The main topographic features are displayed with
the drawing of the 1000- to 5000-m isobaths (every 1000 m).

depths where the Mediterranean water tongue is found (be-
tween 800 and 1300 m depth), interactions with eddies of
Mediterranean waters (Meddies) [Kise and Zenk, 1996; Ty-
chensky and Carton, this issue]. The objectives of this paper are
to describe and analyze the three-dimensional mesoscale oce-
anic circulation observed during the SEMAPHORE experi-
ment. We first present the data collected and the processing
techniques used. In section 3 we focus on the hydrographic
characterization of the area and thermohaline properties of
the AF. The next section is dedicated to the velocity fields
estimated from hydrography, surface drifter trajectories, and
Eulerian current meter measurements. The deep and baro-
tropic circulation are also computed. Finally, we discuss the
influence of the Meddies on AC mesoscale instability.

2. Data and Processing

The SEMAPHORE in situ measurements was mainly based
on hydrography and Lagrangian drifters and floats [Le Traon
and Hernandez, 1992]. The objective was to precisely observe
the Azores Front-Current system over a period longer than the

timescale of mesoscale variability in this area [Le Traon, 1991;
Le Traon and De Mey, 1994]. Four current meter moorings
were also set up to better infer the vertical structure of the
circulation and its barotropic component.

2.1. Hydrographic Data

Three hydrographic surveys were performed in July, Sep-
tember, and October-November (phases 1, 2, and 3, respec-
tively; see details in Table 1 and Figures 2b, 2d, and 2f). They
were based on both expendable bathythermographs (XBT)
and conductivity-temperature-depth (CTD) casts down to
2000 m and performed with a nominal resolution of about 30
nautical miles (55 km). The intermediate survey (phase 2) was
performed with XBTs only, with the same spatial resolution, to
allow monitoring of the Azores Front and of its eddies between
the first and the last survey. Note that the last survey corre-
sponded to the intensive observation period (IOP) of the ex-
periment [Eymard et al., 1996] with five ships involved. The
vertical temperature and salinity profiles collected from differ-
ent ship instruments were compared and did not show any
incompatibility. To compute dynamic heights from XBTs (a

Table 1. Hydrographic Surveys, Deployment Time for the Surface Drifters and Deep
RAFOS Floats, and Vessels Used During the SEMAPHORE Experiment

Surface  RAFOS
Phase Date Ship Hydrography Drifters Floats
1 July 5-30, 1993 Alcyon 136 XBT, 49 CTD 29 54
2 September 4-13, 1993 La Pérouse 92 XBT 6 0
3 October 12-29 and D’Entrecasteaux/ 155 XBT 12 0
November 5-11, 1993 Ailette/Alcyon 43 CTD
Suroit 46 CTD
Professor Stockmann 35 CTD

The RAFOS floats were deployed at 2000 m depth for a duration ranging from 181 days (for the floats
programmed for a 6-month mission) to 541 days (for the floats programmed for a 18-month mission).
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Figure 2. Expendable bathythermograph (XBT) (crosses) and conductivity-temperature-depths (CTD)
(dots) hydrographic arrays (Figures 2b, 2d, and 2f) for the three phases of the experiment from July to
November 1993. Only XBT profiles were acquired during phase 2 (Figure 2d) by the Service Hydrographique
et Océanographique de la Marine (SHOM)-French Navy hydrographic ship R/V La Perouse. Phase 3 (Figure
2f) was the intensive observation period; CTD profiles came from the SHOM-French Navy Oceanography
ship R/V d’Entrecasteaux, the Institut Frangais de Recherche pour I'Exploitation de la Mer (IFREMER)
oceanographic ship R/V Suroit (open circle), and the Shirshov Institute of Oceanology (Moscow) R/V
Professor Stockmann. Figures 2a, 2c, and 2e show the trajectories of the surface-type drifters (surdrifts) for
each phase. Surdrifts were drogued at 150 m depth. The seeding position of each drifter is marked by a star.
The study area is in the center, in dotted lines. The 3000- to 5000-m isobaths are shown as dashed lines.
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Figure 3. Trajectories of 11 deep RAFOS floats deployed at 2000 m depth. The start is indicated by stars
and the float number. The points on each trajectory are spaced 1 month apart. The dashed lines are 500-m
isobaths, and the study area is represented in the center (dotted line).

reference level of 2000 m was chosen), a salinity profile had to
be estimated from the neighboring CTD stations. This tech-
nique needs careful implementation in our study area owing to
a nonhomogeneous water mass distribution. In particular,
Mediterranean Water (MW) and the Meddies, which propa-
gate to the south and southwest and cross the Azores area,
cause relatively strong temperature and salinity (7-S) anom-
alies, leading to some dispersion in the 7-§ water mass dia-
gram. A dedicated method based on T-§ linear regressions
computed at constant depths in four homogeneous subareas
(north and south of the AF, in the AF, and in the meddies;
details in work by Jourdan [1994]) was used to compute salinity
and then density and dynamic heights from XBT data. In the
case of phase 2, lacking of CTD measurements, we computed
the salinity profiles from the T-S linear relations estimated
with phase 3 CTDs. The validation criterion of the method was
based on dynamic height computation at 150 m (relative to the
2000-m reference level). The resulting accuracy was better
than 2 dynamic centimeters (dyn cm) for XBTs. It was esti-
mated to <1 dyn cm for CTDs. All the XBT and CTD profiles
were then merged to provide a comprehensive data set and a
better description of the mesoscale field. The temperature,
salinity, potential density, and dynamic topography at levels
spaced every 10 m was then mapped using a space-time objec-
tive analysis (OA). OA was performed for the midsurvey date
of each of the three hydrographic surveys: July 20, September
7, and October 26. The a priori covariance model of the dy-
namic topography signal estimated by Le Traon and De Mey
[1994] in the same area was chosen. The values of the spatial

zero crossings were set to 160 and 200 km for the zonal and
meridional directions, respectively, and the e-folding timescale
was set to 20 days. The measurement noise was set to 5 and
20% of the signal variance for CTD and XBT stations, respec-
tively.

2.2. Lagrangian Drifters and Floats

Forty-seven surface surface-type drifters (surdrifts) drogued
at 150 m and located by the Argos satellite tracking system
were deployed to precisely follow the currents below the mixed
layer. Figures 2a, 2c, and 2e present the drifter trajectories for
each of the three phases. The derived velocities were low-pass
filtered with a 3-day cutoff to remove high-frequency oceanic
signals such as tidal and inertial currents. The remaining error
on the velocity estimations (due to wind slippage, Ekman
transport, and unfiltered ageostrophic components) was esti-
mated to <3 cm s™! (G. Reverdin and F. Hernandez, unpub-
lished manuscript, 1997). Thanks to a regular deployment of
the drifters in the area [Hernandez et al., 1995], dense spatial
coverage of the area was obtained for each survey, which per-
mitted us to precisely map dynamic height fields of the me-
soscale circulation from drifter velocities using a multivariate
analysis [Le Traon and Hernandez, 1992]. The velocity covari-
ance functions were derived from dynamic height covariance
functions assuming geostrophy.

Fifty-four RAFOS floats, acoustically tracked by three sound
sources moored in the Azores-Canary Basin (Figure 1), were
seeded at 2000 m during phase 1 to document the deep circu-
lation and to provide an estimate of the velocity field at a deep



25,014

Table 2. Current Meter
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Location Period Current Meters
Water
Latitude, Longitude, Depth, Duration, Depths,

N w m Range days Number m
MC1 31°42' 25°28' 5430 July, 1, 1993 to June 7, 1994 342 6 465, 999, 1475, 2004, 2993, 4082
MC2 3221 22°39' 5290 July 1, 1993, to June 26, 1994 361 7 169, 469, 987, 1501, 2004, 2955, 4076
MC3 23°23’ 33°39’ 5250 July 1, 1993 to June 24, 1994 359 6 174, 500, 985, 1540, 2013, 4091
MC4 34°48’ 21°15' 5230 July 1, 1993, to June 23, 1994 358 7 142, 455, 954, 1462, 2014, 2959, 4061

The start time and duration refer to daily means of the low-passed filtered series. The minimum duration is 23 days. See Figures 1 and 9.

reference level. Because of technical problems, only 11
RAFOS could be recovered (Figure 3). Trajectories and ve-
locities were computed from the acoustic positioning and low-
pass filtered.

2.3. Eulerian Current Measurements

Four current meter moorings, each equipped with six cur-
rent meters regularly spaced vertically (around 150, 500, 1000,
1500, 2000, 3000, and 4000 m), were also deployed for 1 year
north and south of the area and in the AC (Figure 1, Table 2).
The time series were low-pass filtered with a cutoff frequency
below the inertial and tidal frequencies, and daily means were
calculated. Note that the moorings were deployed at crossovers
of T/P and ERS-1 ground tracks to validate satellite altimetry.

3. Water Masses and Hydrographic Features
3.1.

The water mass diagram obtained from all CTD measure-
ments is shown on Figure 4. The mixed layer (ML), character-
ized by high but spatially variable temperature and salinity,
progressively deepened from 35 to 80 m between phases 1 and
3, and the overall surface temperatures simultaneously de-
creased from 22° to 20°C. Below the ML the North Atlantic
Central Water (NACW) is characterized by a quasi-linear re-
lation between 150 and 700 m [Harvey and Arhan, 1988]. The
MW is then found between 700 and 1300 m. This water exhibits
noticeable peaks corresponding to the presence of Meddies in
the area (see below). This MW tongue overlies the upper
North Atlantic Deep Waters (NADW) and strongly influences
it by double-diffusion processes, as can be seen by the large
variability at about 1300 and 1400 m. Finally, the influence of
Labrador Sea Water (LSW) (~3°C, ~34.95 practical salinity
units (psu)) can be observed north of the area [Kdse et al.,
1986; McCartney and Talley, 1982; Paillet et al., 1998].

o-S Diagram

3.2. Horizontal Maps and Meridional Sections

Horizontal maps of temperature and salinity at 150 and
1000 m are presented on Plates 1 and 2 for the three phases of
the experiment. Plate 3 shows meridional vertical sections of
temperature, salinity, and potential density (o, computed with
a 1000-m reference level) through the AF for phases 1 and 3.
The AF is conspicuous down to 700—800 m (Plates 3a—3b and
3d-3e), showing a 2.5°C temperature and a 0.4 psu salinity
meridional difference over a width of 100 km. It delimits warm
and salty waters in the southern part of the front and delimits
colder and fresher waters in the northern part. The strongly
surface-intensified part of the AF is observed with the vertical
slope of both the isotherms and isohalines. In the upper ocean
(100-600 m) these isolines define temperature and salinity
layers of constant thickness, which sink to about 145 m when

crossing the front southward. In other terms, vertical gradients
of both temperature and salinity stay rather identical on both
sides of the front. Between 700 and 1200-1300 m the front
signature decreases considerably due to the presence of the
MW tongue and mesoscale activity associated with the Med-
dies. The analyzed 1000-m maps (Plate 2) clearly reveal two
distinct MW lenses, which can be observed at the close vicinity
of the AF during the three consecutive surveys (for a complete
description of these features, see Tychensky and Carton [this
issue]. These two Meddies are centered around 1000 m, and
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Figure 4. Potential T-S diagram including the main water
masses (see text), computed from all the CTD observations
acquired during phases 1 and 3 between the surface and the
depth of 20002500 m. Also shown are isopycnal lines refer-
enced to 1000 m depth (units are o; — 1000 kg m 7).
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Plate 2. Maps of (Plates 2a, 2c, and 2¢) temperature and (Plates 2b, 2d, and 2f) salinity at 1000 m depth (see
Plate 1 for details). The dominant signal is associated with Meddy 1 (see Plates 2a and 2b, 35.9°N, 24.2°W;
Plates 2c¢ and 2d, 35.9°N, 25.5°W; and Plates 2e and 2f, 33.7°N, 25.9°W) and meddy 2 (see Plates 2c and 2d,
33.8°N, 20.5°W and Plates 2e and 2f, 33.1°N, 21.5°W). Also observed is the deep signature of the cold, fresh
surface eddy located south of Meddy 2 during both phases 2 (32.5°N, 21.5°W) and 3 (32.1°N, 21.5°W).

their diameters are between 60 and 100 km. Meddy 1 (called
Céres), first located on the northern boundary (36°N, 24°W)
during phase 1, is observable again in the northwestern corner
during phase 2 (36°N, 25.5°W) and then on the western bound-
ary (33.8°N, 25.7°W), embedded in the AF during phase 3.
During both phases 1 and 2 this Meddy is associated with a
warm, salty surface anomaly (Plate 1). The second Meddy
(called Encelade) appears at the eastern boundary during

phase 2 (33.8°N, 20.5°W), propagating southwestward between
phases 2 and 3. This meddy is associated during these phases
with a cold, fresh eddy located on its southern flank (32.2°N,
21°W during pbase 2 and 32°N, 22°W during phase 3) (see
Plates 2c-2f). Although surface intensified (its maximum ther-
mobhaline anomalies are found at 150 m), this cyclonic feature
has a vertically extended signature visible down to 1400 m. This
feature intensifies in a strong dipole-like structure with Meddy
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Plate 3. Vertical meridional sections at 23.2°W. Distribution of (Plates 3a and 3d) temperature, (Plates 3b
and 3e) salinity, and (Plates 3c and 3f) potential density across the Azores Front for phases 1 and 3, mapped
by OA. Increments for isotherms and isohalines are 1°C and 0.1 psu, respectively. The density distribution is

referred to 1000 m depth. The indicated labels correspond to o, — 1000 kg m™

3, and contour intervals

correspond to 0.1 kg m >, The density section in Plate 3f shows a strong, extended dynamical signal related
to the Azores Front, intensified in the 0~1000-m layer and weaker below. Plate 3c shows a blowup of the upper
800 m depth of the dynamical signal associated with the Azores Current.

2 during phase 3. A water mass analysis (not shown) indicates
that this cold eddy is formed with waters similar to waters
located north of the AF.

The MW tongue is characterized on the area by a fairly
homogeneous layer associated with low vertical gradients and
average salinities of about 35.58 psu. The relative salinity max-

ima appear at 1000 m and reach about 35.82 psu during phase
1. They are found north of the front (Plates 2b and 3b), in
agreement with the Sy {1988] MW circulation scheme. How-
ever, these maxima are no longer observed during phase 3
(Plates 2f and 3e), probably because of the development of
large meanders and mixing effects of MW on both sides of the
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Figure 5. Objectively analyzed dynamic topography maps (relative to 2000 dbar) given in dynamical meters
(dyn. m) at 150 and 1000 dbar for (a, b) phase 1, (c, d) phase 2, and (e, f) phase 3. Contours with dashed lines
correspond to estimation errors >20% of the signal variance.

Azores Front. The meridional thermohaline gradient associ-
ated with the AF in the surface waters appears again at a depth
of 1500 m and below, as shown by meridional slopping of both
isotherms and isohalines over the whole section (Plate 3). At

these depths this may come from a contribution of modified
Labrador Sea Waters (LSW), which propagate southward in
the eastern North Atlantic basin between 1500 and 2500 m
depth [McCartney and Talley, 1982; Paillet et al., this issue], and
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Figure 6. Vertical sections of geostrophic velocity components in m s~ '. Meridional sections of the zonal
component are shown (a) through the AC during phase 1 at 23.2°W and (b) through the dipole (Meddy
cyclone) during phase 3 at 21.8°W. (c) The meridional branch of the meander west of the area is shown in the
zonal section of the meridional component at 34.2°N during phase 3. Sign convention is positive for eastward
and northward components (solid lines); negative values are represented by the dashed lines.

may have extension boundaries in the northern part of our
experimental area. On the vertical sections of potential density
(Plates 3c and 3f) we observe a coherent and well-extended
dynamic signal, marked by slopping of isopycnal surfaces ob-
servable over the whole water column. Note that the temper-
ature and salinity anomalies associated with the presence of
the MW tongue almost compensate each other, resulting in no
specific signature of this water mass in density. The vertical
distribution of the density field thus reveals the deep density
structure of the AC, associated with a dynamical signature
down to 2000 m depth. The presence of the MW seems to mark
only a vertical thermohaline discontinuity in the 2000-m pen-
etration depth of the AF.

4. Circulation

We now present the oceanic circulation near the AC as
computed geostrophically from hydrography and as measured
by the Lagrangian floats (surdrifts and RAFOS) and the cur-
rent meter moorings.

4.1.

Geostrophic currents were computed from the hydrographic
measurements with a reference level at 2000 m depth. This
level was chosen since it is the deepest level common to CTDs
and XBTs. Moreover, barotropic structures such as the cold
cyclonic patch observed south of Meddy 2 and Meddies, which
are associated with a deep dynamical signature, did not reveal
any intermediate level of minimum circulation. This was also
confirmed by the current meter moorings.

As will be seen later, RAFOS floats at 2000 m depth and
current meter moorings show that the velocities at this refer-
ence level were nonzero but could reach 1-3 cm s~ (which is
significant). Figure 5 shows the analyzed dynamic height maps
at 150 and 1000 m depth for phases 1-3 of SEMAPHORE,
while Figure 6 presents the corresponding meridional and
zonal vertical sections of components u, v through the AC.
During the experiment the AC exhibits a maximum dynamic
height gradient of 2024 dyn cm over a 100-120-km width near
the surface. This gradient decreases to 4-5 dyn cm at 1000 m

Geostrophic Circulation and Transport
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Figure 7. Geostrophic volume transport streamlines in sverdrups (Sv) integrated from 2000 m depth to the
sea surface, for (a) phase 1, (b) phase 2, and (c) phase 3. Contour interval is 1.5 Sv (1 Sv = 10° m* s™'). The
geostrophic currents at 150 m referenced to 2000 m are overlaid (thin arrows). Dots indicate mooring

positions (see also Figure 1).

depth. The associated zonal geostrophic velocities in the jet
thus reach 2426 cm s ! at 150 m depth and about 4 cm s at
1000 m depth. Because of our choice of reference level the AC
is only visible here over the first 1500—1700-m depth of the
fluid column (Figures 6a—6c).

At 1000 m depth (Figures 5b, 5d, and 5f) the dominant signal
is related to the presence of the Meddies (a 10 dyn cm gradient
over a 35-km radius for Meddy 1 during phase 1 and a 12 dyn
cm gradient over 45 km from the central axis for Meddy 2
during phase 3) and to the cold cyclone moving south of
Meddy 2. During phase 2 this cyclone presents a weak signa-
ture on the 150- and 1000-m-depth topographic dynamic fields
but strongly intensifies during phase 3 (a 10.5 and 4.5 dyn cm
gradient at 150 and 1000 m depth, respectively). The three
consecutive 1000-m-depth maps show that Meddy 2 is entering
the area, propagating southwestward and interacting with the
AC during phase 2. The AC path is then deflected to the north
and forms an anticyclonic loop, which circles around the fluid
column advected with the Meddy propagation. This generates
a surface anticyclonic anomaly, which aligns vertically with the
Meddy. Consequently, it forms a strong anticyclonic fluid col-
umn associated with maximum velocities ranging from 30 cm

s~ ! at 150 m depth to 25 cm s~ " at 1000 m depth. Although the
cold cyclone south of the Meddy 2 is surface intensified, it is
also present over the same fluid column as that advected by
Meddy 2 and forms a strong dipole-like feature with both this
Meddy and the surface anticyclonic meander. The vertical sec-
tion at 21.8°W (Figure 6b) shows that the dynamical signal
associated with this dipole structure is coherent down to
1800 m depth, below the Meddy level. Thus Meddy 2 seems to
have a driving effect over the vertical and generates a baro-
tropic fluid column. Velocity records of current meter MC2
(not shown) made on the mean axis of this dipole corroborate
this mechanism and actually suggest an even deeper extension
down to 4000 m depth, where maximum velocities of 5 cm s™!
were measured. In the western part of the area the AC axis
tends to shift from west-east to north-south during phase 3.
Such meandering of the current may be due to the interaction
with Meddy 1. The surprising trajectory of this Meddy during
the experiment seems to corroborate this assumption. It first
propagates westward until late September, also driving its
overlying anticyclonic companion (seen also with the surface
drifter trajectories on Figures 2a and 2c). Then, while inter-
acting with and crossing the AC, the Meddy seems to be de-

|
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flected south (this is confirmed by the RAFOS float trajecto-
ries [see Richardson and Tychensky, this issue]. Maximum
velocities in the AC were observed in the strongest meanders.
Meridional geostrophic velocities thus reached up to 35 cm s™*
at 150 m depth in the meander west of the area and reached
28-30 cm s ! in the anticyclonic meander surrounding Meddy
2. At least, one of the southward recirculation branches of the
AC is clearly seen near 23°W during the first 3 months of the
experiment, in agreement with the climatology of the region
[Kiein and Siedler, 1989]. It feeds a westward return flow (Fig-
ures 5a and 5c), where velocities at 150 m depth are about
8-10 cm s~ . This return flow is strongly modified by the dipole
during phase 3 (Figure 5e).

We then computed volume transport on the area from a
vertical integration of the geostrophic velocities from 2000 m
depth up to the surface. A 16-18-Sv transport was estimated
for the AC during phases 1-3 (Figure 7). But we can observe
some lateral recirculations on both sides of the AC system for
each of the three periods. Taking these recirculations into
account (contribution of the eddies associated with the AC)
yields higher values for volume transport, of about 2022 Sv.
Our transport values are significantly higher than the historical
values of 12 Sv in the upper 1500-m depth given by Gould
[1985] or the 12-13 Sv estimated by Sy [1988] and Krauss et al.
[1990]. However, estimating the transport over the whole width
of the area reduces the zonal transport to ~6.5 Sv at the
western boundary (because of the opposite contribution of the
westward return circulation south of the AC and of the flow
field associated with Meddy 1) and to ~8.5 Sv at the eastern
boundary. Finally, the reference level is not of major impor-
tance for the calculation of the geostrophic transport as men-
tioned by Stramma [1984]. In fact, most of the transport is
given by the first 1000-m-depth contribution (90% of the total).
However, a 2 cm s~ ' mean velocity at 2000 m depth would
increase the AC transport by about 4 Sv, i.e., from 16 to 20 Sv.
Note that 4-5 Sv recirculate southward in the meridional
branch. The water transport associated with each of the Med-
dies is 10-12 Sv.

4.2. Absolute Velocity Measurements

4.2.1. Contribution of drifters to the description of the
surface circulation at 150 m depth. The velocities deduced
from drifters are, generally, stronger than that estimated by
hydrography. The difference is mainly explained by the spatial
resolution of the hydrographic arrays (55 km), which smooths
out the gradients, and, to a less extent, by the barotropic
component not measured by the hydrography. Figure 8 dis-
plays dynamic height fields at 150 m depth mapped by multi-
variate analysis [Le Traon and Hernandez, 1992] from the sur-
face drifter trajectories. The overall picture described by the
drifters is consistent with the hydrography, but surdrifts pro-
vide a better representation of the frontal structures and the
mesoscale eddy features. In particular, they clearly show the
intensification of the AC meanders. The estimated gradients
were steeper, associated with velocities ranging from 40 to 50
cm s~ ! in the western part of the front and in the meanders and
ranging from 20 to 30 cm s~ ! in its eastern part. Surdrifts were
also trapped in several of the most energetic surface eddies
(Figure 2). For instance, the anticyclonic eddy above Meddy 1
propagated westward with a speed of 2 km d~'. The velocities
in this eddy were stronger than the one deduced from hydrog-
raphy and reached 30 cm s~ ' at a 20-km radius. During phases
2 and 3 several drifters followed the fluid column generated by
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Figure 8. Dynamic height fields at 150 m depth, relative to
2000 m depth in dyn. m (a spatial mean is removed to better
represent positive and negative features). The maps are com-
puted for (a) phase 1, (b) phase 2, and (c) phase 3 from the
surdrift trajectories by multivariate analysis. Dashed areas cor-
respond to estimation error above 40% of the signal variance.
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Figure 9. Vector time series of daily means for current meter moorings (a) MC1, (b) MC2, (c) MC3, and
(d) MC4 at the indicated depth levels for the 6-month period of the SEMAPHORE experiment. Mooring
locations are given in Figures 1 and 7. The records start on July 7 (time 0000 LT of the x axis) and stop on
November 30 (time 3700 LT of the x axis). The x axis units are hours. In the upper 1000-m depth, velocities
are plotted between —15 and 15 cm s (5 cm s~ ticks) for MC1 (Figure 9a) and MC4 (Figure 9d) and
between —32 and 32 cm s~ ! for MC2 (Figure 9b) and MC3 (Figure 9c). Velocities of the deeper current

meters are all plotted between —6 and 6 cm s~ .

the vertical alignment of the surface anticyclonic meander with
Meddy 2. They propagated to the west-southwest at about 3.3
km d~! and azimuthal velocities at 150 m depth reached 40 cm
s~! at an 80-km distance from the column central axis. Note
that the cold cyclone associated with Meddy 2 is better de-
scribed during phase 2 on the surdrift map (Figures 8b and 8c)
than on the hydrographic data set (Figures 5c and Se). It
appears, since this period, as a 100-km-radius coherent feature,
with rotating speeds, given by the drifters trapped in it, of
about 20 cm s~ . This cyclone is then observed to propagate at

the same speed and direction as the fluid column advected by
Meddy 2. Finally, the drifters indicate that the southward re-
circulation branch of the AC at 22°-23°W is slightly more
intense (maximum velocities reach 12-14 cm s~ ). This may be
due to a barotropic component in the circulation branch; the
surdrifts show during phase 2 (Figure 2c) that part of this
southward flow turns to the right at 32°N. It forms a westward
return current, located between 30° and 33°N, with velocities of
about 10—12 ¢cm s™'. Drifters were advected by this return
current until September, and some of them were then ab-
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Figure 9. (continued)

sorbed in October and November by the water column ad-
vected by Meddy 1, which is located at that time on the western
boundary of the experimental area near 34°N, 26°W (see Fig-
ures 2¢ and 8c).

4.2.2. Vertical structure of the currents as measured by
current meter moorings. The analysis of the current meter
data set is limited here to a 6-month period corresponding to
the SEMAPHORE experiment. Figures 9a-9d show the vector

time series of the four moorings at their various recording
depths. MC3 was lying mostly on the AC axis (Figures 1 and 7).
The mooring indicates a mean zonal eastward circulation as-
sociated with velocities of 22 cm s™! at 174 m depth (Table 3)
and maximum velocities up to 32 cm s~*. This agrees well with
carlier figures given by Miiller and Siedler [1992] (a mean value
of 20 cm s™" at 200 m depth). Maxima of velocities decrease to
4 cm s~ below 2000 m depth. In the top 500-m depth the
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Figure 9. (continued)

current fluctuates between the southeast and northeast direc-
tions with timescales of about 75 days (Figure 9c). This me-
soscale signal is associated with rapid change in the frontal
structure (displacement of the AC meanders) [Siedler et al.,
1985]. The good vertical consistency in this mesoscale signal
suggests a significant barotropic component. However, below
1540 m depth we observe some vertical phase reversal, which is
indicative of baroclinic flows (see the modal decomposition
below). MC2, south of the front, was mainly embedded in the
southern recirculation branch of the AC (Figures 1 and 7). The
current is vertically coherent during the first half of the period
and is generally oriented south-southwest. In the second half of
the record a reversal of the current related to rather strong
anticyclonic velocities (8-12 cm s~ ') and temperature anom-
alies (0.7°C at 987 m depth and 0.5°C at 1501 m depth) can be

observed between the 987- and 2004-m-depth levels. This small
event suggests the passage of a small warm anticyclonic eddy
through the mooring site between phases 2 and 3, which may
originate in the fragmentation of Meddy 2 while crossing the
AC. Moorings MC1 and MC4 indicate much weaker mean
velocities of 4-8 cm s ™! (maxima reaching up to 810 cm s™1)
in the surface levels. The currents were generally oriented to
the west in MC1 (north, then south, see Figure 9a). This
mooring thus confirms the presence of the westward return
flow south of the AC, as extension of the AC southward recir-
culation branch. In the 2000-4000-m-depth layer the mean
currents decrease to 1.3-1.5 cm s~ with local maxima <4 cm
s~ . Velocities recorded at MC4 are mostly oriented to the
north-northeast. The mean northward recirculation of the AC,
observed northeast of the area with MC4 during this 6-month
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Figure 9. (continued)

period, may be related to a northward meander constrained by
the arrival of Meddy 2 at the northeastern boundary of the
experimental area. Note also that the currents show good ver-
tical amplitude and phase consistency at the MC1 and MC4
moorings. This means that the barotropic flow is strong at
these two sites.

Statistics for the variability have been computed from the
moorings for the zonal and meridional components of the
velocity selected over the 6-month period (Table 3). The re-
gional distribution indicates higher variability, mostly concen-
trated near the AC (moorings MC2 and MC3), reaching values
up to 130 cm? sZ at 170 m depth, while in the northeastern
part of the area this variability stays below 30 cm® s™2 A
stronger contribution to the eddy kinetic energy (EKE) is
found in the meridional component. The meridional velocity

variance is larger by a factor of 1.5-3 than the zonal variance
above the thermocline and still stays greater until the 2000-
and 4000-m-depth levels in the AC. There is thus a strong
anisotropy between zonal and meridional fluctuations of the
circulation field. Notice that the average velocities show the
main zonal direction of the AC, whereas the larger meridional
fluctuations show that the AC is subject to significant spatial
variations and meanders. Moreover, this anisotropy character-
izes the preferential north-south fluctuations of the AC mean-
ders. This result corroborates the anisotropy shown by satellite
altimetry [Le Traon and De Mey, 1994)].

4.2.3. Vertical mode decomposition. The decomposition
into dynamical modes enables us to separate the barotropic
and baroclinic components of the current. Only the barotropic
and the first two baroclinic modes were used in this study and
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Table 3. Statistical Analysis of the 6-Month Current Meter Data

Depths, a(z), »(2), U(2), u'?(2), v'3(z2), %u'z + v¥(2), u'v'(z),
m cms! cms™! cms ! cm? 52 cm? s 2 cm’s™? cm?s7?
MCI
465 -4.7 0.7 6.1 1.5 16.5 9.0 —0.8
999 -34 0.4 4.5 1.8 9.9 58 0.1
1475 -1.0 0.1 13 0.6 0.7 0.6 -0.1
2004 -14 -0.02 1.8 0.3 1.3 0.8 -0.2
2860 -0.7 -0.1 14 0.4 13 0.8 -0.1
4082 -0.8 03 1.8 1.3 1.7 1.5 0.2
Average 18 0.3 2.6 0.9 4.6 2.7 -0.1
MC2
170 -7.2 -49 12.0 25.0 92.6 58.8 —4.3
469 -5.1 -3.7 7.6 10.0 25.8 179 -3.0
987 -33 -0.3 5.2 9.4 153 124 -34
1501 -1.0 -0.1 14 0.8 0.8 0.8 -0.2
2005 -15 -0.6 2.1 0.7 12 1.0 -0.1
4077 -03  -07 20 27 23 25 -12
Average 19  -11 34 48 112 8.0 -14
MC3
174 22.0 8.6 27.0 58.3 206.2 132.6 7.7
501 16.4 7.2 20.5 175 123.6 70.6 32
985 6.0 1.7 6.6 5.0 6.2 5.6 2.0
1540 1.1 12 19 0.9 2.0 1.5 0.8
2014 0.4 1.4 18 05 12 0.9 0.4
4091 =0.7 0.5 1.4 05 1.1 0.8 0.2
Average 3.6 21 5.5 6.5 2.6 16.6 1.3
McC4
158 31 3.0 8.1 239 35.0 29.4 10.7
455 2.8 3.6 6.4 11.8 11.9 11.8 —2.8
955 0.4 0.6 1.3 0.7 0.8 0.7 0.5
1462 0.4 15 24 3.6 2.3 3.0 1.0
2014 0.2 1.9 2.6 31 1.6 23 0.4
2959 -13 32 3.6 0.7 12 0.9 -0.02
Average -1.0 2.6 3.6 38 44 4.1 -0.6

Averages and variances of the velocity’s meridional and zonal components are calculated, and also, the
eddy kinetic energies and Reynolds stresses are calculated for the four moorings and at each recording
level. For each mooring a vertically integrated average is estimated for all these quantities.

were a good approximation of the vertical flow structure. The
vertical profile of Brunt-Viiséla frequency required for the
dynamical mode computation was obtained from mean tem-
perature and salinity profiles from the whole CTD set. Note
that an extra calculation of the Brunt-Viiséla frequency using
data in the vicinity of each current meter did not change the
modal vertical decomposition. The first baroclinic mode has a
zero crossing near 1400 m depth, while the second mode ex-
hibits maximum values at 800 m depth. Table 4 summarizes the
various contributions of these modes at each depth of the
current meter moorings.

The current is mostly barotropic in MC1 and MC4, as was
shown above on Figures 9a and 9d. This gives some hints about
the possible large-scale barotropic component of the circula-
tion, outside the path of the AC. However, the baroclinicity is
considerably increased in the AC (MC3) and its vicinity
(MC2). We clearly see the importance of the second baroclinic
mode between 987 and 1501 m depth, related to the passage of
the small baroclinic feature of MW. Vertically integrated, the
first baroclinic mode is predominant in MC2 and MC3 and
represents 44.5 and 71% of the signal, respectively. While the
first baroclinic mode is strongly dominant in the top 500-m
depth, the barotropic mode is particularly significant in the
deep layers and contributes to >50% of the signal on all sites
below the 1400-1500-m-depth levels. This yields a mean baro-
tropic component on the order of 3-3.5 cm s~ ! in there.

4.2.4. Deep circulation as deduced from RAFOS float tra-
jectories. The deep circulation in the Canary Basin is poorly
known. Early information suggests eastward flows in the abys-
sal plain lower than a few cm s™! [Miiller and Siedler, 1992].
Though few trajectories were available, our 11 RAFOS floats
provided valuable data sets to further analyze the deep circu-
lation. In 6 months the floats typically moved up to 300-400
km, corresponding to mean velocities of the flow field of 1.5-
2.5 cm s~ ! and to EKE <3 cm? s~ 2 (Figure 3). These Lagrang-
ian estimates are in good agreement with mean Eulerian ve-
locities computed at 2000 m depth from the four moorings
(velocities between 1.8 and 2.6 cm s~!'). The 2000-m-depth
oceanic circulation surprisingly includes noticeable eddy activ-
ity and a significant influence of the bathymetry, particularly in
the southward and northward flows observed to the northeast
and southeast of the area (see RAFOS 17512, 17515, 17502,
17508, and 17498, which follow the 5000-m-depth isobath).
Over the abyssal plain the RAFOS float trajectories describe a
large anticyclonic loop associated with velocity maxima of up
to 8 cm s~ 1. On the one hand, this anticyclonic deep circulation
seems to follow the boundaries of the abyssal plain, as indi-
cated by the 4000- and 5000-m-depth isobaths. On the other
hand, this loop also seems to reproduce the circulation pattern
observed in the upper layers, which is consistent with a signif-
icant barotropic component of the flow field estimated in the
area. In agreement with the analysis of the previous sections
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the RAFOS float trajectories may show the 2000-m-depth
deep dynamical signature of the AC, or at least, their drifts
agree with a theoretical loop of the subtropical gyre waters at
the ocean basin eastern border. Finally, we note the surprising
trajectory of RAFOS 17494 trapped in an anticyclonic feature,
which first propagates northeastward at about 0.5 km d ' and
then southeastward at about 1.5 km d ™. The azimuthal veloc-
ities vary between 5 and 12 ¢cm s~ !, and the orbital period
varies between 6 and 8 days. A CTD survey performed initially
in the near vicinity, when the RAFOS was launched, indicates
cold, fresh waters. This feature could correspond to a Labrador
Sea eddy [Elliot and Sanford, 1986]. In a recent work, Paillet et
al. [1998] suggest that anticyclonic eddies may be generated by
baroclinic instability of the thermohaline front formed by the
confluence of LSW and deep MW.

5. Discussion and Conclusion

The large set of SEMAPHORE in situ measurements has
provided new insights into the dynamics and variability of the
Azores Front-Current system. The Azores Front, together with
surface eddy activity on both sides, was visible around 34°N.
These eddies were about 100-150 km in diameter. The surface
warm and salty eddy located above Meddy 1, whose origin is
not explained, is interesting. This feature may come from wa-
ters located south of the front and would have been generated
by instability of the AC and vorticity shedding. However, we
lack observational data, and a water mass analysis does not
yield any conclusions. Recent work on the dynamical instability
of the Azores Front-Current system [Alves, 1996], based on
observations and numerical simulations, evidences the pres-
ence of strong anticyclonic eddies generated north of the fron-
tal area. Note that these turbulent mesoscale features are able,
in turn, through rectification processes, to generate a westward
countercurrent on the northern flank of the Azores Current jet
[e.g., Cromwell et al., 1996]. Altimeter data, combined with the
dense coverage of in situ measurements, should allow the es-
timation of the absolute circulation in the area, thus providing
successive synoptic views to assess the origin of these return
flows.

Though its dynamical signature extends deeply over the first
2000-m-depth of the fluid column, the AC is strongly intensi-
fied in its upper part above the thermocline. Geostrophic vol-
ume transport integrated over the 2000 m was estimated at
16-18 Sv, with a larger contribution of the first 1000-m depth.
This transport is higher than previous estimates [e.g., Gould,
1985; Sy, 1988]. This may be due to the high-density sampling
of the hydrographic data across the AC, which provides steeper
gradients and stronger velocities. Taking into account lateral
recirculation cells observed on both sides of the front increases
these transport estimates to about 4 Sv. One of the three
southward recirculation branches of the AC, which is associ-
ated with a significant southward flow (4-5 Sv), was observed
near 22°-23°W in agreement with Klein and Siedler’s [1989]
climatological estimates. During SEMAPHORE we observed
a significant enhancement of the meander amplitudes on the
AC over a few months. Maximum horizontal velocities were
found in the strongest meanders. This rapid, abrupt change in
the AC meanders seems, first, to have been significantly con-
strained by the proximity of two Meddies and, second, to have
strongly modified the structure of the southward recirculation.
From phase 2 the AC develops large-amplitude meanders,
sometimes associated with intense meridional extensions, as,
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Table 4. Decomposition of the Current Meter Velocity
Vectors Into the Barotropic and First Two Baroclinic Modes

First Second Cumulative,
Depths, m  Barotropic  Baroclinic ~ Baroclinic %
McC1
465 21.1 773 1.2 99.6
999 56.5 144 21.0 91.9
1475 74.3 11 11.2 86.6
2004 773 10.4 14 89.1
2860 722 22. 1.4 95.6
4082 68.8 24.5 34 96.7
Average, % 51.8 39.7 4.4 95.9
Mc2
170 9.8 74.4 9.6 93.8
469 14.8 7.7 0.5 87
987 29.6 18.0 40.9 885
1501 50.3 20 26.7 79.0
2005 62.6 221 1.5 86.2
4077 54.0 333 7.9 952
Average, % 34.1 44.5 11.1 89.7
MC3
174 4.6 89.8 42 98.6
501 73 88.5 1.0 96.8
985 33.8 45.2 18.3 973
1540 59.7 1.6 304 91.7
2014 48.5 455 1.3 95.3
4091 35.6 575 5.2 98.3
Average, % 21. 71.3 4.8 97.1
McC4
158 13.5 66.4 8.7 88.6
455 211 65.6 0.7 874
955 36.1 19.7 213 771
1462 58.9 1.1 25.6 85.6
2014 62.8 53 8.7 76.8
2959 845 6.9 74 99.0
Average, % 59.3 23.7 8.9 919

For each of the four current meter moorings the relative energy of
each mode at each level and the vertical integration are given.

for instance, the particularly marked one (250 km) generated
in the western part of the area by the crossing of the AC by
Meddy 1. The surprising trajectory followed by Meddy 1 and
the presence of a cold, deep cyclone propagating in a strong
baroclinic dipole with Meddy 2 allow us to suggest Meddy-AC
interaction processes. Tychensky and Carton [this issue] pro-
vide quantitative analysis of all these structures and a numer-
ical experiment that supports their interpretation as an inter-
action Meddy-AC [see also Kise and Krauss, 1996]. The
cyclonic eddy may have been generated by occlusion and sub-
sequent shedding of a cyclonic meander of the AC (under
baroclinic instability triggered by the meddies). This explains
its water characteristic similarities with the colder and fresher
waters north of the front.

Surface drifters revealed a narrower, more intense jet. Peak
velocities of 45 or even 50 cm s~ ' were recorded in the AC by
both the surface drifters and moorings MC2 and MC3 (maxi-
ma of up to 47 cm s~ ! at 174 m depth), compared with max-
imum velocities of 25-30 cm s~! measured by hydrography.
Outside the Azores Current, in particular to the southeast and
northeast of the area, current meter moorings MC1 and MC4
revealed a region of lower activity. Below 2000 m depth the
flow field seems to be more homogeneous in the study area,
with average velocities ranging from 2 to 2.5 cm s~ %, in agree-
ment with information supplied by the RAFOS data set. The
vertical mode decomposition showed the stronger baroclinicity
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of the currents in and near the AC, whereas the barotropic
component seems to dominate generally everywhere else. The
latter was estimated to be about 3-3.5 cm s~ ! in the study area.
Finally, the deep RAFOS floats revealed a deep anticyclonic
circulation at 2000 m depth. They also revealed a Labrador Sea
Water eddy, thought to be generated by baroclinic instability of
the thermohaline front between deep MW and LSW [Paillet et
al., 1998].

The SEMAPHORE in situ data set will be extremely useful
in the future. The different data (hydrography, drifters, floats,
and Eulerian current measurements) will soon be combined
via an inverse model to make better estimations of the three-
dimensional circulation during the three arrays. The data set
will then be used to test the ability of the model to predict
changes in the Azores Front and will be used for a quantitative
analysis of its dynamics.
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